The increased level of penetration of wind generators into modern power system has significant effect on network operation. The time varying nature of wind speed has significant effect on performance of wind generator, therefore efficient mechanism for stabilizing the output of the wind generator is very much needed. Self-excited induction generators (SEIG) already existing in the network are sensitive to wind speeds. In this paper, a new method for voltage control of SEIG utilizing reactive power enhancing capabilities of doubly-fed induction generator (DFIG) is simulated and its effect on the network is analyzed for varying wind speeds. The choice of placing DFIG adjacent to SEIG or at another bus is also addressed in this paper with simulation results. The results show that this method of utilizing the reactive power capabilities of DFIG enhances voltage stability of SEIG as well as system stability.
Introduction
The injection of wind turbine generating unit (WTGU) into passive distribution networks has become a common practice in recent times. The variable nature of wind shows a significant effect on generator behaviour as well as connected load, which is to be thoroughly examined before integration. The injection of WTGU model in load flow analysis has been studied in numerous works [1, 2] . Since the level of WTGU penetration into distribution system is increasing day by day, the model of asynchronous machine is still of interest if we can assess reactive power output accurately. In many of the cases, generator models are considered assuming that generator output power matches with machine rated power, which is not achieved practically. Many models like P-X model are proposed to handle this issue [3] . Detailed analyses of different WTGU models are discussed in Refs. [4] [5] [6] . Eminoglu et al. [7] introduced a novel non iterative method of incorporating wind turbine into distribution system with some simplifications. Butler [8] introduced a 3-load flow for shipboard power systems handling multiple sources. The work done in the above literature concentrated on incorporating DG into load flow with an assumption of constant output power at rated voltage. Since the input parameter wind is variable in nature, it has significant effect on the generator characteristics and hence on the system into which it is injected. Only few attempts [9, 10] are made to study the effect of scenarios like under excitation of the generator, reactive power handling capabilities of WTGU and their effect on the integrated system.
In DFIG system, the generator can be used to deliver or expend reactive power through magnetization provided by the rotor-side converter [11] . Clearly, this could further enhance the effect on power system stability due to increased level of wind generators penetration, moreover, if this could be possible without extra cost. However limited efforts were made to study the impact of reactive power control mode of DFIG on the power system. DFIGs are getting to be more generally utilized because of their progressed reactive power and voltage control capacity. DFIGs make utilization of power electronic converters and are, in this way, ready to regulate their own reactive power keeping in mind the end goal to work at a given power factor and to control the grid voltage [12] . On the other hand SEIG which already exists in network does not have this nature of self regulating both voltage and reactive power during varying wind speeds and fault conditions. This is because, voltage build up of machine depends upon value of capacitance connected across stator terminals which supplies necessary reactive power for the machine to self-excite. The value of capacitance to be connected depends upon generator speed which varies during wind speed and fault conditions. At a point when voltage control necessity is beyond the ability of SEIG, voltage stability of a grid will be influenced. Many methods are proposed in this context for voltage control of SEIG, but each method has its own pros and cons. The proposed methods are discussed in detail and compared in Ref. [13] . A DFIG installed into a network having SEIG can supply the reactive power requirement of SEIG retaining its generating capability and also increases system stability.
The investigation with DFIG in distribution system application in this context of reactive power control mode has no enough significance in literature. In this paper an attempt is made to study issues like influence of under-excited SEIG on network and reactive power handling capabilities of DFIG when added to network. For this a new methodology of resenting DFIG in terms of its equivalent capacitance is proposed to study the reactive power handling capabilities of DFIG and its ability to stabilize SEIG, thereby improving the network stability.
The outcomes of the paper can be summarized as follows:
(1) Power flow model (PQ-Model) for SEIG and DFIG are developed.
(2) Enhancing the low voltage ride through capability of SEIG already existing in the network with adjacent DFIG.
(3) Reactive power flow model of DFIG is developed to study its capabilities and effect on the distribution system.
(4) Cost effective solution for voltage control of distribution system without additional equipment.
The rest of the paper is organized as follows: Section 3 describes power flow modeling of SEIG, DFIG and reactive power control mode of DFIG; Section 4 presents optimal location of DG units for minimum power loss and minimum voltage deviation using genetic algorithm; Section 5 addresses the effect of SEIG and DFIG on power system during varying wind speeds; Section 6 explains the effect of reactive power control mode of DFIG on bus voltage and power loss of the network along with under excited SEIG; Section 7 gives the conclusions.
Modeling of WTGU for Power flow Analysis
In this paper two types of generators with different performance characteristics are considered. One is the SEIG which is sensitive to varying wind speeds and draw reactive power, other is DFIG which can withstand variation in wind speed and has the ability to produce reactive power. The power flow models of these two generators are discussed below.
Self-Excited Induction Generator
When a capacitor bank is connected across stator terminals of induction machine driven by a prime mover, say wind turbine, it acts as a generator. From literature it is observed that voltage build up is very much depending upon magnetizing reactance and excitation capacitance connected across the machine, which is decided by the value of generator speed and load resistance [14] . So, minimum capacitance requirement of SEIG for different wind speeds is to be calculated for analysing power flow characteristics. The load is kept at 1 p.u (full load), as the generator is made to operate at full load in most of the conditions. The minimum capacitance requirement for a given wind speed is calculated by following equations:
In this section the point of interest is to study the nature of voltage build up in SEIG when the wind speed is varying. So, capacitor value is fixed which is equal to capacitance required during rated speed. The minimum capacitance requirement per-phase at different generator speeds is shown in Table 1 .
From results it is observed that as generator speed increases capacitance value required for generator to self-excite decreases. As long as reactive power requirement of SEIG is satisfied it generates power at rated voltage or else the SEIG falls into under excited region and fails to build voltage. The corresponding active and reactive power output of the generator is calculated using Eqs. (6) and (7) respectively. 
where A is expressed as: In actual scenario, the value of capacitor bank connected across SEIG is fixed. So, reactive power should be supplied externally for the machine to reach its voltage build up requiremnts. In this paper a new method of suppling reactive power from DFIG for voltage control of SEIG is proposed and its effect on the network is analysed in following sections. For a fixed excitation capacitance value, the performance charecterstics of SEIG at different wind speeds are presented in Table 2 . The generator speeds presented in Table 2 are the steady state generator speeds and it varies during the transient state (period before satisfying the reactive power requirement of SEIG). From the results it is observed that with fixed capacitance and reducing wind speed, generator fails to excite when wind speed is below 10 m/s and leads to voltage collapse. In addition, at under excitation the generator acts as a reactive load on bus to which it is connected and tries to draw reactive power from the network.
Doubly Fed Induction Generator
The model of DFIG used in this paper is steady state model [15, 16] which is independent of d-q reference frame. It reduces the complexity in drawing the characteristics of DFIG and this model resembles the exact behaviour of DFIG. The two inputs required for the model are stator voltage and wind speed. The rotor voltage, stator and rotor power equations are given in Eqs. (8)- (16). Solving Eqs. (8) to (10) gives the value of V r , I s and I r . Placing the values of stator and rotor currents and voltages in Eqs. (11) to (16) 
The relation between stator and rotor voltage is given by: (10) The real and reactive power output of the grid side VSC reaching the point of common coupling (PCC) is given by:
The real and reactive powers of the induction generator are given from the following equations:
The total active and reactive power output of DFIG is
From the above equations total power output and rotor voltage of DFIG obtained for different wind speeds are presented in Table 3 .
From Table 3 , it is observed that, unlike SEIG, DFIG generates power even at wind speed of 8 m/s. This is achieved by controlling the frequency of voltage and power injected from rotor side. The power factor obtained at different wind speeds is close to 0.99. This shows that model developed is constant power factor model which can be easily injected into power flow studies.
Method for Voltage Control of SEIG
In DFIG, presence of back to back converter configuration makes it capable of controlling reactive power output. From literature it is clear that reactive power output of DFIG depends on rotor side converter current limit. Since power electronic converters used for power control are capable of withstanding currents up to 150% of rated value [11] , the reference of rotor side converter current is changed depending on reactive power requirement. To achieve this analytically a new term "K" is introduced in the performance equations of DFIG. The value of I r in Eqs. (9) and (10) equivalent capacitance using Eq. (18) . I r,new , which resembles the reference value of rotor side converter current, is varied until equivalent capacitance value matches the required capacitance. The maximum reactive power output (Q max ) of rotor side converter is limited by Eq. (19) . The algorithm for deriving equivalent capacitance of DFIG is explained in Fig. 1 .
The value of equivalent capacitance of DFIG obtained is added to the fixed capacitance value connected across SEIG. The value obtained in Table 4 is added to fixed excitation capacitance of 68 μF. The value obtained at different speeds is equal to minimum capacitance value required for self excitation given in Table 1 . This shows the validation of proposed model and SEIG generates power at rated voltage. The results show that by increasing current limit of rotor side converter, reactive power produced increases and hence enhances the capabilities of DFIG. As wind speed reduces, rotor side converter is made to draw current from the utility grid and injects more reactive currents on stator side and thus equivalent capacitance 
Optimal Location of WTGU
The planning of power system in the presence of WTGU is very important and it depends on technology being used, number and capacity of units and more importantly location of the unit. In this paper, the test system considered for analysis of proposed method is IEEE 33 bus radial distribution system [4] given in Fig.  2 .
The integration of wind turbine (WT) has influence on system voltage profile, power loss and stability of the system which is to be carefully evaluated [17] . The allocation of WT in inappropriate locations can lead to effect opposite to the desired. Many methods are proposed for optimal location of distributed generators [17] [18] [19] in distribution system. Before location the size of WTGU is taken as 1.5 MW each and wind speed of 8-14 m/s is considered in this work and required parameters of WTGU are given in Appendix. In this paper, genetic approach is used to find optimal location of the WT. Since the size of WT is considered as 1.5 MW in the analysis, the fitness function is to be derived for optimal location of wind turbines. The fitness function is selected to reduce power loss and cumulative voltage deviation. The fitness function for optimal location of WT is determined as:
The active and reactive power losses are obtained from load flow program. Because of limited use of matrix operations, the forward and backward sweep method is selected for load flow in this paper. Convergence occurs when calculated source voltage in the backward sweep corresponds to specified source voltage. The cumulative voltage deviation resembles the deviation of bus voltage from specified (1 p.u) value is given by Eq. (25). 
The selection of proper weighting values depends on priorities and experience of the system planner [20, 21] . For the problem discussed in this paper, priority 
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is given to minimum voltage deviation compared to active and reactive power loss. Considering the previous reports [20] [21] [22] Single point binary cross over and polynomial mutation is adopted in this paper. Two WT generators are considered in this paper, one acting as SEIG and the other as DFIG both of 1.5 MW. Two scenarios are considered one of which is, when two generators are connected at different buses and the other is when two generators are connected at same bus. The results obtained from genetic algorithm approach for optimal location of generators in both scenarios are shown in Table 5 . All the voltage values tabulated in section IV and V are per unit (p.u) values.
From Table 5 , the best location when generators are connected at different buses (scenario 1) is at 8 and 29. The minimum voltage obtained is 0.9612 at bus 18 and power loss is reduced to 98.26 kW. The power loss and minimum voltage in the base case of the system is 211 kW and 0.9036 at bus 18 respectively. When two generators are connected at same bus (scenario 2), the best location obtained is bus 6. The minimum bus voltage obtained is 0.9561 at bus 18 and total power loss is 110.6 kW. Losses in scenario 2 are more compared to Scenario 1 because, when two generators are placed at same bus, the loss at this bus increases thereby influencing overall losses. Even though power loss at generator bus is high compared to base case, overall power loss decreases. The rest of the analysis is done by keeping the bus location fixed which is obtained from genetic algorithm.
Results
Since aim of the paper is stabilizing existing SEIG systems, DFIG used for voltage control can be installed in two ways i.e. to connect DFIG at bus other than SEIG bus and second is at bus in which SEIG is already connected. The optimal location of wind turbines in both scenarios is determined as given in the previous section.
Scenario1
In Scenario 1, generators are connected at bus 8 and 29 in order to get optimal power flow solution with minimum power loss and maximum bus voltage. The SEIG is placed at bus 8 and DFIG is placed at bus 29 as shown in Fig. 3 . When wind speed reduces to the value of 12 m/s and the minimum bus voltage is 0.9364 at bus 18. The voltage at bus 8 is 0.9594 and at bus 29 is 0.959. The total power loss is 106 kW. But when speed is further reduced to 8 m/s the scenario changes completely and SEIG starts to draw reactive power from the grid in order to maintain its generating capability as indicated in Fig. 3 .
The minimum bus voltage falls to 0.8970 which is less than base case because, when wind speed is less than the base speed reactive power is drawn (Q drawn ) by SEIG form grid for voltage build up . The value of reactive power drawn is given by Eq. (26). The value of X c Required in Eq. (27) is given in Table 1 . Table 6 . In this case the buses 7 to 18 are highly affected and it leads to drop in entire system as shown in Fig. 4 . In general practice SEIG is isolated from the system to protect it from voltage drop. But by proposed method, stability of the system can be enhanced without disconnecting SEIG as explained in following sections.
Scenario 2
For scenario 2, both wind turbines are to be connected at bus 6 as shown in Fig. 5 . At rated wind speed of 14 m/s, minimum bus voltage is 0.9561 at bus 18. The voltage when both wind turbines are connected at bus 6 is 0.9876 and total power loss of the system is 110.6 kW. When wind speed reduces to 12 m/s, minimum bus voltage is 0.95 at bus 18 and voltage at bus 6 is 0.967.
When wind speed reduces further to 8 m/s, minimum bus voltage falls to 0.902, but voltage at wind turbines connected bus (bus 6) is 0.9485 as shown in Fig. 6 . Though SEIG draws a reactive power of 325 kVAr, voltage of wind turbines connected bus is close to specified limit because DFIG is connected adjacent to the SEIG which is capable of injecting active power.
The total power loss of the system increases to 210 kW. The power loss at bus 6 is high which causes increase in overall power loss given in Table 7 . and 29 (Scenario 1), DFIG generates necessary reactive power of 325 kVAr and injects this power into network. The SEIG at bus 8 draws the reactive power of 325 kVAr to generate power at rated voltage. The processes of injecting and absorbing of reactive power from different buses take place autonomously as shown in Fig. 3 . From Fig. 7 , it is observed that minimum voltage is 0.9101 at bus 18, but voltage at SEIG connected bus (bus 8) is 0.9366 and voltage at DFIG connected bus (bus 29) is 0.9401. The losses are reduced to 168 kW, which is not very less compared to previous case because there is a high power loss both at bus 8 and bus 29 during power injection and absorption shown in Table 8 . When the generators are connected to the same bus (scenario 2), the reactive power required by the SEIG is supplied by the DFIG locally as indicated in Fig. 5. From Fig. 8 , it is seen that minimum bus voltage is 0.9194 at bus 18 and the voltage at bus 6 is 0.955. The power loss is reduced to 160 kW where as it is 204 kW in previous case. The proposed method in both cases works well but each case has its pros and cons which are discussed in detail in Section 6.
Variation of Bus Voltages during Reactive Power
The comparison of both cases is shown in Fig. 9 . It is observed that the voltage profile improvement in scenario 2 is more compared to scenario 1 because the reactive power required by the SEIG is supplied locally.
Effect of Scenario 1 and Scenario 2 on Nearest Buses
When SEIG is absorbing reactive power from network it shows a significant effect on bus to which WT is connected as well as on the buses nearer to WT connected. In this paper, an attempt is made to analyze the effect WT integration (scenario1 and scenario 2) on nearest buses. During Scenario 1 when wind speed reduces to 8 m/s, SEIG at bus 8 starts drawing reactive power from network. Along with bus 8, the other nearest buses 9, 10 and 11 experience a significant voltage drop which can be seen from Table 9 . In contrast buses 5 and 7 do not experience much effect though they are nearer. The bus 6 is not influenced much, since it is connected to a lateral as it receives power from the DFIG connected at bus 29. When proposed method is applied, buses 9, 10 and 11 are highly benefited as compared to buses 5, 6 and 7. The buses nearer to bus 29, where DFIG is connected are also affected as shown in Table 9 . In the proposed method, bus 26 is highly benefited compared to other buses because it receives power from both SEIG and DFIG. In Scenario 2 when SEIG is acting as a reactive load, buses 3, 4 and 5 are not much affected. The influence is mainly on the buses 7, 8 and 9 and voltages at these buses drop to low value as shown in Table 10 . Since bus 6 has a lateral, the voltage of buses 26, 27 and 28 is also affected as shown in Table 10 . During proposed mode of operation buses 5, 7, 8 and 9 are benefited much and voltage is within the specified limit. The voltage of the buses connected in lateral is also improved as shown in Table 10 . In both scenarios it is seen that some bus voltages are still below the 0.95 p.u value. This is because the active power injected by both the generators is reduced due to reduction of wind speed and also converter rating for DFIG considered in this analysis is only 30% of total power rating. The bus voltages can be increased further by either increasing the number of generators or by increasing the rating of converters to 50% of generator rating [11] . As the rating of rotor side converters increases reactive power supplying capability of DFIG also increases [12] and is capable of supplying SEIG and network reactive power requirements.
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Results
The injection of WT in both Scenarios has significant effect on network to which it is connected. The effect is mainly on voltage profile and power loss.
Voltage Profile
When wind speed starts reducing SEIG at bus 8 reaches to state of voltage collapse and it tries to draw reactive power from network, making this a burden to the system. In case of DFIG, it draws some additional power from network and produces active power at a rated voltage. This condition of reactive power load on network shows a negative impact on network. In practice when wind speed is less than cut in speed, SEIG is disconnected from a bus to avoid network voltage drop. But with method proposed, during low wind speeds DFIG changes its characteristics as a reactive source and supplies reactive power necessary by SEIG to encounter the voltage collapse. When wind is at rated value the voltage profile of the system is in stable region for both scenario 1 and 2. In the scenario 1 at wind speed of 8 m/s, buses nearer to SEIG bus are much affected and during proposed mode also buses nearer to bus 8 are highly benefited.
There is no noticeable effect on buses nearer to DFIG in both the scenarios. In the scenario 2 when two generators are connected to same bus, during wind speed of 8 m/s voltage drop at WT bus is less compared to scenario 1 because DFIG is injecting active power. The effect on neighbouring bus voltages is also less compared to scenario1.
Power Loss
When a WT is injected into network at optimal location the power loss decreased drastically. When wind speed is reducing, reactive power requirement of SEIG makes the system unstable and increases power loss. In the scenario 1 at wind speed of 8 m/s when SEIG at bus 8 is drawing reactive power, power loss at this bus is very high compared to power loss at bus 29, increasing total power loss. During reactive power control mode when SEIG is drawing reactive power and DFIG supplying the reactive power, the power loss is more at both buses. In the Scenario 2 power loss is very high when SEIG is drawing reactive power without compensation, but when DFIG is supplying reactive power requirement locally, the power loss is reduced to a low value compared to previous scenario. It is concluded that power loss is considerably reduced in both the scenarios 1 and 2.
Conclusion
In this paper a new approach for voltage control of SEIG with reactive power handling capabilities of DFIG is modeled and tested on standard IEEE 33 bus system. Two possible cases have been considered for location of DFIG, one of which is connecting two generators at different buses and the other is connecting two generators at same bus. The effect on the system in both cases is thoroughly examined in this paper and it is observed that, generating capability of SEIG is enhanced from wind speed of 12 m/s to 8 m/s. The results show that during normal operation at rated wind speed, in scenario 1 voltage profile is improved and power loss in the system decreases. During proposed method of supplying reactive VAr's to SEIG from DFIG, scenario 2 shows better performance both in voltage profile improvement and reduction of power loss. From results it is observed that proposed method demonstrates the reactive power handling capabilities of DFIG effectively. The choice placing two generators at same bus gives satisfactory results in case of voltage and power loss leading to overall stability improvement of the system. During normal operation, combination of two generators successfully aids voltage stability and reduces power loss of the system. During low wind speed or fault conditions also coordinated control between these two generators can protect the system from voltage drop and aid the network security without any additional equipment, thereby reducing the operating cost. The proposed method can also be extended to multi-machine power networks considering system faults. The line and load data of the 33 bus radial distribution test system are taken from Ref. [4] . The total system load is 3.715 MW and 2.3 MVAr.
